This paper presents the characterization of angled microelectrode array as dielectrophoretic microfluidic device for the continuous flow-through separation of particles. The operation of the device is demonstrated using samples of colloidal latex beads of 1 µm and 2 µm in diameter sizes, achieving 100% particle deflection with operating voltage as low as 10V and frequency as minimum as 1 MHz. This characterization is essential for dielectrophoretic separation to get the specific suggestion for each type of particle behavior via its own deflection throughout the arrays of the angled microelectrode. The paper also exhibits and discusses the detail of the theoretical background of the separation method; the structure of the device and also the result obtained that is achievable by choice of voltage and frequency.
Introduction
Dielectrophoretic separation has been demonstrated by several groups in the area of biology, chemical engineering and any related as a batch and continuous mode of separation [1] . The research on dielectrophoresis is nonstop by many groups as multidisciplinary teams, including those in chemical, biology, mechanical and electronics engineers. Generally these groups will design device in miniaturization scale for microfluidic application.
Some particle separation devices consist of planar microelectrode arrays such as interdigitated, polynomial and castellated microelectrodes embedded in microfluidic channels. They are used to separate particles using individual or a combination of positive and negative dielectrophoresis (voltage and frequency dependent).
Dielectrophoresis Force and Angled Microelectrode Design
Electrokinetic is defined as the study of fluid or particle motion in electric fields and generally works in direct current, DC and in alternating current, AC. It includes electrophoresis (EP), dielectrophoresis (DEP), electro-osmosis (EO), electrorotation (ROT) and electroorientation [2] [3] [4] . These electrokinetic processes are able to manipulate, concentrate, focus and separate different types of particles, bioparticles or biomolecules.
DEP arises from the interaction of a non-uniform electric field and the polarization induced in the particle. When the polarization of the particle is greater than the polarization of the fluid, the particles will move to high electric field strength (positive DEP). Otherwise the particles will move to low electric field strength (negative DEP).
A significant contribution to bio-dielectric theory was made using DEP, TWDEP and ROT, by Pethig et al. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . in Bangor, Wales, UK. DEP applications have been demonstrated by Fuhr et al. [15] [16] [17] [18] [19] and Gimsa et al. [20] [21] [22] [23] . in Germany using embedded microelectrodes in microfluidic devices. This is a different method compared to other techniques, for example, separation is achieved by filtration or centrifugation where no electrode activation is needed [24] . Although effective, filtration and centrifugation methods are not suitable for integrated systems due to the fact that centrifugation requires the sample to be placed at some distance from the center of rotation in order to achieve a high enough centrifugal force. This requires an elaborate setup, thus not practical in integrated systems. On the other hand, filtration requires membranes, which are susceptible to clogging. Moreover, filters are difficult to mass-produce as part of a microfluidic circuit.
The DEP technique was formalized by Pohl, providing an equation for the dielectrophoretic (DEP) force [2, 25] . The simplest DEP expression is that when an AC signal is applied to a homogeneous solid dielectric particle of diameter '2a' suspended in a homogeneous dielectric medium. Both dielectrics will polarize and charge is induced at the interface between the particle and the medium. Opposite charge on either side of the particles produces an effective dipole moment on the particle parallel to the field. An AC field is generated by applying potential of single frequency, ω. Therefore the time averaged force on the particle is [2, 26] : (1) where is a complex conjugate of the electrical field and is the dipole moment withυ is the volume of spherical particle, is the effective polarizability given by , m ε is the permittivity of the medium and CMF is the Clausius-Mossotti factor (named after the Italian physicist Ottaviano-Fabrizio Mossotti (1791-1863) and the German physicist Rudolf Julius Emanuel Clausius (1822-1888) [27, 28] .) which describe the frequency dependence of a dielectric particle's polarizability: (2) and are the complex permittivities of the particle and the medium respectively. The complex permittivities are given by equation , where ε is the permittivity and σ is the conductivity of the particle or medium [29] [30] [31] . After applying vector identities to equation (3) and assuming that the electric field is real, the expression becomes as shown in equation (3).
E is the magnitude of the electric field. DEP force depends on the induced dipole, the field frequency, the spatial configuration of the field (the gradient of the magnitude E squared), the real part of the effective polarizability, volume the particle and more importantly dielectric properties of the suspending medium. By substituting the effective polarizability of the sphere, the expression for the time-averaged DEP force of a sphere becomes, (4) [ ] 
The real part of the CMf as in equation (5) Re CMf < 1 called negative DEP. In this paper, we are concern about the design of the new angled microelectrode array and its characterization which will be used in the separation of mixture of particles, organics or inorganics particles in various fields, such as biology, chemistry, material, environment and many more.
Method
A batch flow method for separating plugs of particles using only negative DEP has commonly been demonstrated, for example in [9] . However, it relies on gravity to achieve separation. If one would like to separate small submicron and nanoparticles, it will not be possible, due to the negligible influence of gravity on colloidal particles. The separation method chosen in this work is a continuous mode of separation, which involves no contamination of the device (no fouling) ensuring longevity of operation. The concept of the batch flow and the continuous flow are illustrated in Figure 1 .
Device
A new structure of device design consists of chronological arrays of interdigitated microelectrode with angle of 60 degree (i.e. called angled microelectrode) is introduced. The microelectrode width and the inter-microelectrode gap both are 20µm were fabricated on upper and lower surfaces of the microfluidic channel. This device uses negative DEP achieved from the voltage and frequency applied to the top and bottom microelectrodes in the microchannel. The negative DEP used is to achieve gradual deflection through the sequential influence of the electrodes in the array as illustrate in Figure 2 .
As illustrated in Figure 2 , the larger particles are pushed through outlet A while the smaller particles are deflected along the elongated electrodes and exit the channel through outlet B.
As the electrode design is further improved over the previous work [32] [33] [34] [35] [36] [37] a newer design to increase separation over the angled microelectrode array is found and shown in Figure 3 . The requirements and optimizations not only depend on particle size, but also on the device's length, L, width, W and height, Z. Those are important and are based on the following points.
• A single electrode length, L i along the channel must be long enough such that a strong DEP force can be generated when multiple electrodes are arranged as an array. The generation of this force is a function of frequency, thus L i must be optimized to minimize voltage attenuation at higher frequencies. Here L i =3 mm.
• The electrode array width, W i is optimized to be wide enough for it to have low resistance. The gap between the electrodes, G i is designed to be small. This is to induce a strong electric field, which in turn produces a greater DEP force when voltage is applied to the electrodes. Our W i =20 µm and G i =20 µm.
• The channel length, L, should be long enough to fit the electrode array. L heavily depends on the number of electrodes used and is closely related to summation of W i and G i . It is observed that longer L values results in higher separation efficiency. In this case L=15000 µm.
• The channel width, W, must be wide enough to accommodate the angled electrode array.
• The channel height, z is designed to be small in an effort to increase the force on small particles. Z=37 µm.
• The angle/inclination of the electrodes, θ with the channel wall is optimized in order to increase the distance of particle movement. Our θ=60 degree.
It is also worth mentioning that a slight placement offset/shifting between the top and bottom electrode arrays results aids in increasing the electric field force and ultimately the DEP force [38] . In this paper, more details on device, setup and results from the particle separation/ deflection experiments using the angled microelectrode array will be offered as a continuation from [39] . The tests presented show the suitability of this design to be used in dielectrophoretic separation.
Device Fabrication
The thickness for the channel in microfluidic device using two layers of dry film resist SY355 of this new design has been decreased to approximately 37 µm depth, as reported previously [40] . This could increase the electric field strength throughout the microelectrode array and thus the DEP force. Sometimes some researcher will do simulation on the new electrode designed [41] . We also did the simulation and computational fluid dynamics method of DEP force on the microelectrode before the characterization of it is carried out [38] . The step of fabrication is shown in Figure 4 .
Particles
The fluorescent Fluo Spheres, latex spheres particles or latex beads are used in the experiment. They are obtained from Molecular Probes (Eugene, OR). These latex beads are high quality and ultraclean polystyrene microspheres. These latex spheres contain fluorescent dyes and are carboxylate-modified spheres. The spheres have a net negative charge. The advantage of choosing the fluorescent microspheres is that it will help the visualization in the experiment. The other advantages because it is a nontoxic substance and can be used to immobilize antigen that interact with antibody [42, 43] . It is also good to be used in microscale channels and parallel sample processing, because of it rapid reactions [44] . As inert particles the benefit include that they may be used in rapid assays with natural populations, require minimal handling of the sample, and can be manipulated in various ways to provide information on different aspects of grazing (e.g. size selection, chemosensory behavior, etc). Latex beads are good as immunologic markers for detecting the interaction of antibody with rare cells. It can be used as a labeling index (beads per bacterial cell) [45, 46] . Latex beads can be used as a biomarker [47] . Polystyrene latex beads also can be coated with specific antibodies [45] . These advantages have enabled researcher to identify drug receptors directly from crude cell extracts within less than few hours. Apart from that latex beads can be used for counting [48, 49] . and rapid imaging of nanoparticles. Latex beads could be as probes of microorganisms and are used as a measuring aid for microorganism [50, 51] . Latex beads are used in real-time particle tracking technology because it can become solid carriers with wide size range; uniformity in size. Latex beads allow higher binding efficiency and less extensive washing. Here, latex beads particles with diameter of 2 µm and 1 µm are used as supplied by the manufacturer. These latex beads are the safe used guinea pig for observing the occurrence of the separation in the device system with respect to the actual biological cells later. Two medium conductivities of potassium chloride, KCl where the polystyrene particles are suspended 14.8 mS/m and 1.4mS/m are examined. The two mediums are chosen with 10 times difference because it is to observe the different behavioral of these different types of particles in these two medium. Furthermore knowing that the biological cells and molecules, they were easy to be manipulated in the higher medium conductivity thus the test performed would be one best of the expected based on the theory explained [52] [53] [54] . and the side effect such as the hydrolysis could be avoided by controlling the frequency [55] [56] [57] [58] . Literally, in theory, with reference to equation (4) at higher frequency, the separation in both conductivities is remained approximately the same distance apart. This is because high frequency has immediately eliminated the effect of the conductivity and the force is no longer depending on the conductivity of the particle and medium but it depends on the permittivity of the particle and medium, which in this case, the permittivity of the medium and the particle remain in its fixed values and the force is totally depending on the size of the particle.
Experimental Works
In the following experiment, the characterization of the device is performed with single particle size deflection. The procedure started by injecting particles at a time into the device. It will be auto-monitored with the program written in Matlab. The program is to execute the particle detection with respect to various voltages and frequencies applied and then analyzed. Figure 5 shows the illustration of the array with captured image at the inlet of measurement A and the captured image at the outlet with measurement B. The result will be the effect of deflection of overall particles over certain voltage and certain frequency applied. Thus the deflection measurement B-A is important. Figure 6 shows the steps in flow chart environment. It is the procedure to perform the experiment. The data here in the experiment is examined by measuring deflection of particle from the sidewall against frequency at different voltage applied. When these two types of particles are combined together in the channel they can then physically be separated along the arrays, which will be shown in the following section.
Experimental Results
The characteristic of the device is also obtained by measuring the deflection of one type of particle at a time in the device. The average deflection of 2 µm-sized sphere from the channel wall versus voltage is plotted and shown in the following Figures. The frequencies applied are below 900 kHz and show a weak deflection of the 2 µm particles in the systems. The voltage applied for this observation is between 0 to 8V. A frequency of 1 MHz is considered as the peak frequency where deflection is at the highest. This is depicted in Figure 7a . For the following frequencies shown in Figure 7b , deflection is constant but as noticed at higher frequencies, a small reduction in deflection is observed due to voltage attenuation. Figure 7 shows that when the voltage is below V 2 =10, no deflection occurs. The particles only flow straight to the output of the arrays. However, when the voltage is increased above the threshold value, V 2 =10, deflection commences and increases in proportions to an increase in voltage.
It is summarized that deflection is limited by voltage attenuation. The frequency range from 1 MHz-4 MHz is the optimum operating frequency range to obtain maximum deflection from the wall for 2 µm-sized particles. It is also observed that the V-shaped electrode geometry causes the tip of the 'V' to act as an end point of deflection. Particle deflection adjustments can also be made by adjusting the frequency of operation. At higher frequencies, the deflection is reduced due to voltage attenuation as discussed earlier. This occurrence is shown in Figure 8 where it is observed that particle distance is increased when the frequency is between 700 kHz to 1 MHz. This is in agreement with increase in DEP force at an optimum frequency range. At low frequencies, the deflection distance does not and at higher frequencies the distance decreases due to attenuation of electrode voltage. This result confirms Clausius Mossotti equation. Figure 9 shows the deflection of 2 µm sized spheres in a 1.4 mS/m conductive solution as the voltage is increased from 1Vpp to 16Vpp. Practically no deflection is observed below 600 kHz because the 1 µm particle experiences weak positive DEP and nearly strong negative DEP. Deflection starts at a frequency above 700 kHz and when the voltage is increased. Deflection distance remains constant starting from 2.5MHz. Figure 11: The graph shows the deflection of 2 µm particle from the wall in 1.4 mS/m medium. In this medium the 2 µm particle are experiencing weak positive DEP below 600-700 kHz and thus few particles are leaving the array, therefore in this condition is considered invalid for deflection measurement.
Figure 11:
The graph shows the deflection of 2 µm particle from the wall in 1.4 mS/m medium. In this medium the 2 µm particle are experiencing weak positive DEP below 600-700 kHz and thus few particles are leaving the array, therefore in this condition is considered invalid for deflection measurement. Figures 10 and 11 show the effect of applied electrode voltage on deflection distance for particles of size 1 µm and 2 µm, respectively. In Figure 10 , it can be concluded that by increasing the electrode voltage to 10V (20Vpp), the 1 µm-sized particles is only slightly deflected. However, in Figure 11 , the 2 µm-sized particles are deflected significantly and reach the same deflection distance of as it is in a 14.8 mS/m solution [1] . The applied voltage of 10V is the maximum for the 2 µm-sized particles. Figure 12 shows an estimation of the degree of separation for these two particles combined. The separation does not occur at low frequencies. A threshold frequency of 1MHz is when separation commences. When the medium conductivity is low (100 µm KCl), a lower frequency is enough to trigger separation. At this low concentration, negative DEP is dominant. In a higher conductivity medium, the separation starts to occur in all frequency ranges and again negative DEP is dominant. It is shown that the 2 µm particles can be deflected farther than the 1 µm particles. The larger particles move towards the other side of the tips of the electrode arrays. This is because ultimately DEP force is only dependent on the size of the particle. It is concluded that as particle size increases, the DEP force exerted on it also increases. Again, due to voltage attenuation at higher frequencies, deflection distance is reduced.
Attenuation of the voltage at higher frequencies is due to the probes used both for electrode signal application and measurements. The waveform generator and the oscilloscope used for these purposes cannot overcome power loss during measurement due to the increase in probe impedance at higher frequencies [59] . The increase in impedance is also caused by the use of higher conductivity mediums where the resistance is higher as compared to the lower conductivity medium.
Conclusion
This paper shows the successful of the characterization of the angled microelectrode designed and fabricated for the use of particles separation. The experiment performed shows that the separation of particles using the device designed can be achieved 100% when the device pulsed at an intermediate frequency of 1 MHz and at voltage of 10V [60] . The device is effectively constructed and the experiment conducted has established an important understanding on how mixture of particles of sizes 1 µm and 2 µm react to the changes of applied electrical signal and frequency.
